To investigate the hypothesis that iron absorption in man involves a carrier-mediated cellular uptake mechanism, influx velocity (V.) of 59Fe3+ by isolated human microvillous membrane (MVM) vesicles of the upper small intestine was examined. V. revealed saturation kinetics (Km = 315 nM; V... = 361 pmol Fe3+ X min-' X mg protein-') was temperature dependent and inhibited by pronase pretreatment of MVM. In the presence of an inwardly directed Na+-gradient a typical overshoot phenomenon with maximal uptake at 3040 s was observed. The suggestion of an active, carrier-mediated uptake mechanism for iron was pursued by isolation of a 160-kD ironbinding protein from solubilized human MVM proteins.
brane; NTA, nitrilotriacetic acid; V., influx velocity. saturable and temperature-dependent influx component. Moreover, a 52-kD membrane iron-binding protein was isolated from these membranes (1) . These observations were in accordance with the early hypothesis of Manis and Schachter who proposed that iron, in physiological amounts, is absorbed by an active transport mechanism consisting of an initial mucosal uptake step followed by intracellular transfer to the basolateral plasma membrane and release into the portal venous blood (2) . Subsequently a number of studies focused on the initial brush border permeation step, performing uptake experiments with isolated MVM vesicles of various animal species (2-1 1). In most of these studies a specific interaction of iron with microvillous membranes involving a facilitated transmembrane translocation mechanism was postulated. Simpson and Peters suggested that one uptake component may be promoted by free fatty acids (12, 13) and a second more important pathway for entry of iron into mucosal cells may involve a membrane potential sensitive transport mechanism (14) .
Although the kinetics of iron absorption was intensively studied in various animal species, little is known about this uptake process in humans. However, this is of particular importance in medicine since primary hemochromatosis, a common genetic iron-overload disease, was shown to be associated with increased iron absorption (15) . Therefore, it is not unlikely that a defect of the molecular mechanism of iron absorption may be responsible for the iron accumulation in these patients. To address this interesting hypothesis, it is essential to determine whether under physiological conditions the translocation of iron across human duodenal microvillous membranes represents a carrier-mediated uptake process, and to identify the responsible iron-transporting membrane protein.
Methods
Preparation ofhuman MVM. MVM-enriched fractions were prepared from autopsy or resection material ofthe human upper small intestine. Preferably, freshly obtained duodenum or jejunum from multiorgan donors was used after given consent of the relatives. The tissue was kept on ice and the lumen intensively rinsed with saline (4°C). The lumen was opened by a longitudinal section, adherent mucus was carefully removed with tissues, and the mucosa was scraped off gently with a glass slide. MVM were isolated by an established Ca2+/Mg2+ precipitation procedure (1, 16) . The final MVM pellets were resuspended in 2 ml of 100 mM D-mannitol, 100 mM NaCl, 40 mM Hepes/Tris (pH 7.4). MVM preparations were stored at -70°C until use.
Characterization ofMVM vesicles. MVM vesicle preparations were characterized by electron microscopy and enzymatic marker determination as previously described in detail from our laboratory (17) using sucrase as marker for MVM (18) . Membrane preparations were further analyzed by immunoblot analysis (see below) against antibodies to human (h) cyclo-keratin (Boehringer Mannheim GmbH, Mannheim, FRG), h-transferrin (Sigma Chemical Co., Munchen, FRG), horse spleen ferritin (Sigma), h-albumin (Dakopatts, Hamburg, FRG), and whole human serum (Sigma) Isolation ofthe human MVM iron-binding protein by an iron chelate gel affinity chromatography column. To 5 g epoxy-activated sepharose 6B (Pharmacia-LKB, Freiburg, FRG), swollen and washed in H20, 6 g iminodiacetic acid in 30 ml 2 M Na2CO3 was added (26) . Coupling was allowed to proceed at 65°C for 24 h. After packing the H20-washed gel into a column, an FeCl3 solution (1 g X 1-' in H20) was passed through the column at a flow rate of 20 ml X h-'. After two thirds of the column were loaded with iron, the gel matrix was washed and equilibrated with 0.1% CHAPS (3-[(3-cholamidopropyl) (27) . For protein detection the silver stain kit from Amersham and for staining of carbohydrate components a glycan detection kit from Boehringer were employed. Isoelectric focusing was performed as described by the manufacturer (application note 250; Pharmacia-LKB).
Cochromatography studies. Aliquots of the iron MVM-binding protein as well as of human transferrin and serum albumin (both from Sigma) as positive and negative controls, respectively, were incubated with tracer amounts of 59Fe3+:NTA (1:4) in 0.1 % CHAPS/0.05% SDS in 20 mM Hepes/Tris (pH 7.0) for 30 min at room temperature. Samples containing 10Mg protein in a total vol of200 Ml were subjected to gel filtration over an UltraPac TSK G3000 SW HPLC column (Pharmacia-LKB) equilibrated with 50 mM Na-phosphate (pH 6.8). Elution was carried out with the same buffer at a flow rate of 0.5 ml X min-'. Eluted fractions were monitored for protein (OD 214 nm) and radioactivity.
Preparation Statistical analysis. Results are given as means±SD. The t test was used to test for significant differences among means (31). P values < 0.05 were considered significant. The kinetics of Fe3`uptake rates as a function ofthe iron concentration in the medium was determined by fitting the weighted uptake data by computerized least-square regression as described (32) . All reagents were of analytical grade and doubly distilled, deionized water was used in all experiments. Glassware was acid washed.
Results
Characterization ofhuman MVMfractions. In numerous randomly analyzed electron micrographs of the MVM fractions employed, only one kind of mostly vesiculated membranes was seen. The pictures resembled those of rat MVM preparations which were previously prepared in our laboratory (17). Some of the vesicles were filled with electron-dense material which presumably originated from the core of the microvilli. Contaminating membranes from organelles other than brush borders could not be detected. sicular influx (V.) which was determined from the slope of the initial uptake phase over the first 45 s.
To evaluate the optimal presentation of59Fe3+ and to avoid formation of ferric hydroxide polymers due to the insolubility of ferric salts in aqueous media, Fe3+ solutions were prepared by adding the iron-chelating agent NTA to the substrate solution (33) . For determination of the optimal concentration of NTA in the incubation system, the effect of various molar ratios of Fe3+:NTA on vesicular uptake of iron was examined. At Fe3+:NTA molar ratios of 1:1, 1:2, and 1:4, the initial uptake rate was identical at 37°C and 1.575 ,uM 59Fe3+ incubated (Fig. 2) . However, unspecific binding of Fe3+ to the MVM surface and filters increased with decreasing NTA concentration (1:4 < 1:2 < 1:1 Fe3+:NTA). At a molar ratio of 1:4, binding to filters was < 0.5% of total counts incubated. Further increase of the NTA concentration (1:10, 1:25, 1:100 Fe3+:NTA) resulted in a significant reduction of VO. This is due to the high affinity of this nonmembrane-permeable chelator for iron, rendering iron not available for uptake. From these results it was concluded that a molar ratio of 1:4 (Fe3+:NTA) is optimal for membrane translocation studies.
Next the temperature dependency of influx was evaluated.
It was shown that 59Fe uptake was optimal at 37°C, whereas at 0°C no transport was detectable (Table I) . The observation that at 0°C no transmembrane movement of Fe3+ occurs, was used to determine whether iron accumulation by MVM vesicles is due to intravesicular uptake or alternatively to binding at the outer surface of the plasma membrane (Fig. 3) . For these experiments vesicles were first incubated with 1.575 LM 59Fe3+:NTA (1:4) for 15 min at 37°C (equilibrium uptake conditions). These iron-loaded vesicles were then exposed to a 100-fold molar excess of unlabeled 56Fe3+:NTA (1:4) for 60 min at 37°C or 0°C. At 37°C 41% of the vesicle-associated 59Fe was released into the medium, representing an exchangeable vesicular iron pool. In contrast, at 0°C only a nonsignificant fraction of 59Fe was removed from the vesicles. In the absence of transmembrane movement this small fraction represents iron attached to the outer surface of the vesicles accessible for displacement by excess unlabeled iron.
For determination of the influx kinetics of 59Fe3+ by MVM vesicles, the slopes of individual uptake curves over the initial 45 s (V.) were analyzed as a function ofthe iron concentration in the medium. It revealed saturation kinetics of uptake with a Km of 315±33 nM and a Vm. of 361±68 pmol iron X min-' X mg protein-' (Fig. 4) . Pretreatment of MVM vesicles with the protease pronase lead to a significant inhibition of the iron influx velocity to 49% (160±48 pmol Fe3+ X min-' X mg protein-') of the control level obtained in native vesicles (328±46 pmol Fe3+ X min-' X mg protein.'). This suggests that a protein might be involved in the iron uptake process.
Furthermore Fe3+ influx in the presence of ion gradients across the plasma membrane was analyzed. All of the foregoing experiments were performed under ion-equilibrium conditions in the extra-and intravesicular space. When uptake was examined in the presence of Na+-and K'-gradients across the plasma membrane, a different pattern was observed. Inwardly directed Na+-and K+-gradients were achieved by incubation in media with 100 mM of these cations but none in the vesicular space which was isosmotically adjusted with D-mannitol. In the presence of an inwardly directed Na+-gradient a rapid initial phase of iron uptake was observed with a maximal Isolation ofan iron-binding MVM protein.
The suggestion of an active carrier-mediated transport mechanism was pursued by isolation of an iron-binding protein from the same human MVM preparations. After solubilization of membrane proteins with 2% CHAPS, removal of remaining membrane structures by centrifugation, and dialysis of the supernatant to remove excess of detergent, the total solubilized membrane protein mixture was passed over an iron chelate gel affinitychromatography column. Only proteins with high affinity for iron were retained in the column and thereafter eluted by a pH(7-3)-gradient. This procedure resulted in the isolation of a protein which migrated under nonreducing conditions on SDS-PAGE as a single 160-kD band. After reduction with 5% p3-mercaptoethanol, the protein appeared after SDS-PAGE as an intense 54-kD band. This indicates that the native protein represents a trimer of 54-kD subunits linked by disulfide bonds (Fig. 6) . Isoelectric focusing revealed a pl of 4.7 for the 1 60-kD complex and a pl of 6.1 for the 54-kD monomer. The protein was shown to contain carbohydrate components, employing an enzyme immunoassay for the detection of sugars in glycoconjugates. After Western blotting the protein revealed no immunologic reactivity with antibodies to human transferrin or ferritin.
In its native form this membrane protein has affinity for iron as determined by cochromatography studies on gel-permeation HPLC. However dimeric form of the 160-kD membrane iron-binding protein coeluted with 59Fe3". Collection of the 59Fe-containing protein peak and application to SDS-PAGE in the presence of 5% ,3-mercaptoethanol revealed again the single 54-kD protein band.
For further characterization, antibodies to the 54-kD monomer of this protein were raised in rabbits. Western blot analysis revealed that this antibody reacted with the authentic 1 60-kD native protein as well as with the 54-kD monomer. In total MVM protein extracts and homogenates of human intestinal mucosa and human liver only reactivity with the membrane iron-binding protein was detectable (Fig. 7) . It was not present in homogenates of human esophagus. The antibody did not show cross-reactivity to the 52-kD rat MVM iron-binding protein, previously isolated in our laboratory (1) .
With antibodies to the 54-kD subunit of the MVM ironbinding protein immunofluorescence studies were performed. In intact human duodenal mucosa a predominant staining of the brush border plasma membrane was apparent (Fig. 8) 
Discussion
In this study it was shown that uptake of iron by human MVM vesicles reveals saturation kinetics, is temperature-sensitive with optimal uptake at 370C, and is significantly inhibited by pronase pretreatment of the vesicles. These are criteria of a facilitated, protein-mediated membrane translocation process. Another argument for carrier-mediated transport was the observation of an overshoot phenomenon in presence of an inwardly directed Na+-gradient. This initial transient peak of iron accumulation was followed by effilux of vesicular iron until a second slow accumulation process of vesicular iron (possibly intravesicular precipitation) was predominant. Such an overshoot phenomenon represents an active uphill transport component stimulated by Na+. This may be compatible with an Na+-iron cotransport system. Alternatively, the presence of an inwardly directed Na+-gradient induces a more negative intravesicular potential (depolarization) compared with a K+-gradient. Therefore, the observed overshoot phenomenon may also be due to a potential dependent influx process stimulated by negative intravesicular charge. This is in agreement with earlier studies also showing membrane potential sensitivity of iron uptake in intestine (14) and liver (34) . Further studies to elucidate the driving forces ofiron uptake by MVM vesicles are currently performed in our laboratory. Moreover, the specificity of this transport system is still being investigated. The problem of these studies is the competitive interaction of some metals with iron at the binding sites for NTA which interferes with the interpretation of uptake data by MVM vesicles.
The analysis of membrane translocation kinetics as a function of the iron concentration in the medium reveals a Km value of 315 nM which indicates that this transport system has a high affinity for Fe3". This is in contrast to a previous study of Cox and Peters on iron uptake by human biopsy specimens (35) . They reported a KT value of 127 uM, suggesting a significant lower affinity for iron. To explain the difference between both values, one has to consider the different experimental approaches. Compared with the complex system of biopsy specimens, in our study highly purified microvillous plasma membrane vesicles were used which allows examination of transport characteristics across a defined membrane. Moreover, for preparation of MVM vesicles we initially removed the mucus adherent to the brush border plasma membrane. This is of significance, since the mucus barrier may affect the presentation of iron to the surface plasma membrane, e.g., by absorption of iron to certain mucus proteins (36) .
Delivery of iron to the mucosal cell is determined by its penetration ofthe mucus and the unstirred water layer close to the microvillous membrane as well as by its physicochemical state in the lumen of the upper intestine. Interaction of iron with bile salts, peptides, amino acids, and various dietary chelating agents serves to keep iron soluble in the intestinal environment, but may render it difficult for absorption. Therefore, a high affinity mucosal uptake system may be required to provide a sufficient amount of iron being absorbed from chyme. However, our data of a protein carrier-mediated absorption mechanism do not exclude the presence ofother facilitated diffusion uptake processes promoted by free fatty acids, as suggested by Simpson and Peters (12, 13) or an oxygen radical-mediated uptake, as assumed by Marx et al. (37) . It is conceivable that the heterogeneity of iron compounds in chyme (i.e., valency state, chelation state) may lead to different strategies for the passage of iron across the microvillous membrane.
In this study MVM vesicular uptake kinetics revealed a Vmax value of 361 pmol iron X min-' X mg membrane protein-'. Such a membrane translocation capacity for iron across the brush border plasma membrane, distributed over the large surface area of the intestinal mucosa, provides a sufficient absorption capacity for iron at physiological intestinal transit times. Based on our own observation that a duodenal segment of 100-cm length and 3-cm diameter contains 900 mg MVM proteins and assuming a mean transit time of 30 s/cm, a total absorption of 910 ,g iron would be possible under Vm., (i.e., ideal) conditions. This is highly sufficient to provide the daily iron requirement of a normal adult (38).
A major aim of this study was the identification of the responsible iron carrier protein in human brush border plasma membranes. For this purpose the one step isolation procedure was used which was earlier applied for the isolation of the rat MVM iron-binding protein (1) . This technique is based on the moiety of this protein to bind with high affinity to iron which is immobilized to a sepharose iminodiacetic acid matrix (affinity chromatography). In fact, a single 160-kD protein was identified after SDS-PAGE under nonreducing conditions. 
